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,QWURGXFWLRQ
3(0IXHOFHOOVDUHWKHPRVWSURPLVLQJFDQGLGDWHVDVHQHUJ\FRQYHUWHUVHVSHFLDOO\IRUDXWRPRELOHDSSOLFDWLRQV
EHLQJXVHGLQDFOHDQK\EULGSRZHUVXSSO\V\VWHPDQGSURYLGLQJWKHUDWHGSRZHUWRWKHORDG>@1HYHUWKHOHVVWKH
ZLGHDSSOLFDWLRQRID3(0)&LVOLPLWHGGXHWRKLJKFDSLWDOFRVWIXHODYDLODELOLW\DQGGXUDELOLW\DQGWKHGLIILFXOW\RI
PDLQWDLQLQJVXLWDEOHWKHUPDOPDQDJHPHQWDQGZDWHUPDQDJHPHQWDOVRDIIHFWVWKHIXHOFHOOSHUIRUPDQFHVLJQLILFDQWO\
>@:KHQ WKH ZDWHU UHPRYDO UDWH H[FHHGV WKH ZDWHU JHQHUDWLRQ UDWH PHPEUDQH GHK\GUDWLRQ RFFXUV SURGXFLQJ
SHUIRUPDQFHGHJUDGDWLRQGXHWRVLJQLILFDQWRKPLFORVVHVZLWKLQWKHFHOO>@
7KHUHDUHUHVHDUFKDGYDQFHVRIKLJKWHPSHUDWXUH3(0IXHOFHOOV+73(0)&VZLWKSRO\EHQ]LPLGD]ROH3%,
EDVHGPHPEUDQHLQYDULRXVILHOGVEHFDXVHWKHUHDUHVHYHUDOUHDVRQVIRURSHUDWLQJDWWHPSHUDWXUHVDERYH&>@
HQKDQFLQJRIWKHHOHFWURFKHPLFDONLQHWLFVIRUWKHFHOOUHDFWLRQVVLPSOLFLW\RIWKHFRROLQJV\VWHPGXHWRWKHLQFUHDVHG
WHPSHUDWXUH JUDGLHQW EHWZHHQ WKH IXHO FHOO VWDFN DQG WKH FRRODQW LQFUHDVLQJ RI WKH &2 WROHUDQFH ZKLFK HQDEOHV
XWLOL]DWLRQRIORZHUTXDOLW\UHIRUPHGK\GURJHQ
9DULRXV VWXGLHVKDYHGHYRWHG WRGHYHORSLQJPDWKHPDWLFDO ELGLPHQVLRQDOPRGHOV IRU WKH WUDQVSRUWRI UHDFWDQWV
DQGSURGXFWZDWHU LQD3(0)&%HUQLQJDQG'MLODOLSUHVHQWHGDGLPHQVLRQDOPXOWLSKDVHDQGPXOWLFRPSRQHQW
PRGHO IRU DQRGH DQG FDWKRGH RI 3(0)& >@ 7KH\ GHVFULEHG WKH WZR SKDVH IORZ LQVLGH WKH JDV GLIIXVLRQ OD\HU
*'/E\WKHXQVDWXUDWHGIORZWKHRU\8)7WKDWDXQLIRUPJDVSKDVHSUHVVXUHLVDVVXPHGZLWKLQWKH*'/
7KH ' +73(0)& QXPHULFDO PRGHO XVHG LQ WKLV SDSHU LV GHULYHG IURP ' VLQJOHSKDVH LVRWKHUPDO PRGHO
GHYHORSHGE\(88ERQJHWDO>@WRSUHGLFWWKHSHUIRUPDQFHRID+73(0)&ZLWKD3%,PHPEUDQH
7KHREMHFWLYHRI WKLVZRUN LV WR LQYHVWLJDWH WKH HIIHFW RI FDWKRGHJDV IORZYHORFLW\ DQGJDV FKDQQHO JHRPHWU\
ZLGWKDQGKHLJKWRQ WKHFHOOSHUIRUPDQFHZLWK WKHKHOSRID'PRGHOXVLQJFRPPHUFLDO)(0SDFNDJH&RPVRO
0XOWLSK\VLFVYHUVLRQ
0RGHOVHWXS
7KH ' FRPSXWDWLRQDO GRPDLQ LQFOXGHV D VHFWLRQ RI WKH 3%,PHPEUDQH DQG ERWK FDWKRGH DQG DQRGH JDV IORZ
FKDQQHOV*'/VDQGFDWDO\VWOD\HUVVHH)LJ


)LJ'+73(0)&FRPSXWDWLRQDOPRGHOJHRPHWU\
$WVWHDG\VWDWHVLQJOHSKDVHLVRWKHUPDOPRGHORI3(0IXHOFHOOFRQVLVWVRIILYHSULQFLSOHVRIFRQVHUYDWLRQPDVV
PRPHQWXPVSHFLHVHQHUJ\DQGFKDUJH&2062/0XOWLSK\VLFVDUHXVHG WRVROYH WKLVFRPSOH[+73(0IXHOFHOO
PRGHO 7KH FRQVHUYDWLRQ HTXDWLRQV DUH VROYHG VHTXHQWLDOO\ DQG JURXSHG IRU YDULRXV YDULDEOHV VXFK DV YHORFLW\
YHFWRUSUHVVXUHPDVVPROH IUDFWLRQRI WKH VSHFLHV HOHFWULFDQGSURWRQLFSKDVHSRWHQWLDOV VROLGDQG IOXLG±JDV±
SKDVHWHPSHUDWXUHV0RPHQWXPWUDQVIHULVPRGHOHGXVLQJ)UHHDQG3RURXV0HGLD)ORZLQWHUIDFH
7KHRSHUDWLQJFRQGLWLRQVDQGSDUDPHWHUVRIWKHEDVHPRGHODUHJLYHQLQ7DEOH

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7DEOH'HVLJQDQGRSHUDWLQJSDUDPHWHUV
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/DPLQDU IORZLQ WKHFKDQQHOV LVGHVFULEHGE\ WKH1DYLHU6WRNHVHTXDWLRQVGLPHQVLRQOHVV IRUPXODWLRQ IRU WKH
VWHDG\VWDWHLQFDVHRIQRH[WHUQDOIRUFHV
      7
H
Y Y S Y Y Y5           
ZKHUHXQNQRZQGHSHQGHGYDULDEOHVDUHS±SUHVVXUHDQGY±YHORFLW\5HLVDGLPHQVLRQOHVV5H\QROGVQXPEHU
3RURXVJDVGLIIXVLRQ OD\HUV *'/VDQGHOHFWURGH IORZFDQEHJLYHQE\D VLPLODU VHWRIGLIIHUHQWLDO HTXDWLRQV
ZKHQWKH%ULQNPDQIRUPXODWLRQLVXVHG
    

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
ZKHUHNLVWKH%ULQNPDQSDUDPHWHUGHILQHGDV 
H
+N 5 N  ZLWK+±FKDQQHOKHLJKWDQGN SHUPHDELOLW\
&RQVHUYDWLRQRIVSHFLHVZDVVROYHGIRUWKHIORZFKDQQHOV*'/VDQGSRURXVHOHFWURGHXVLQJWKH0D[ZHOO6WHIDQ
HTXDWLRQVLQWZRGLIIHUHQW7UDQVSRUWRI&RQFHQWUDWHG6SHFLHVLQWHUIDFHV
,W VROYHV IRU WKH IOX[HV RI HDFK VSHFLHV + DQG+2 LQ WKH DQRGH FRPSDUWPHQW 2 DQG+2 LQ WKH FDWKRGH
FRPSDUWPHQW LQ WHUPV RI PDVV IUDFWLRQ 7KH 0D[ZHOO6WHIDQ HTXDWLRQ GHILQHG IRU HDFK FRPSRQHQW IURP WKH
PL[WXUHRIWKHWKUHHJDVHVLVSUHVHQWHGEHORZ>@
3DUDPHWHU 9DOXH
5HIHUHQFHSUHVVXUH3D 
&HOOYROWDJH9 
7HPSHUDWXUHR& 
2[\JHQUHIHUHQFHFRQFHQWUDWLRQPROHP 
+\GURJHQUHIHUHQFHFRQFHQWUDWLRQPROHP 
,QOHW+PDVVIUDFWLRQDQRGH 
,QOHW+2PDVVIUDFWLRQFDWKRGH 
,QOHW2PDVVIUDFWLRQFDWKRGH 
++2%LQDU\GLIIXVLRQFRHIILFLHQWPV 
1+2%LQDU\GLIIXVLRQFRHIILFLHQWPV 
21ELQDU\GLIIXVLRQFRHIILFLHQWPV 
2+2ELQDU\GLIIXVLRQFRHIILFLHQWPV 
$QRGHLQOHWIORZYHORFLW\PV 
&DWKRGHLQOHWIORZYHORFLW\PV 
$QRGHYLVFRVLW\3DāV 
&DWKRGHYLVFRVLW\3DāV 
&HOOOHQJWKFP 
*DVFKDQQHOZLGWKPP ±
*DVFKDQQHOKHLJKWPP 
:LGWKRIWKHVKRXOGHUPP 
&DWDO\VWOD\HUWKLFNQHVVP 
&DWDO\VWOD\HUSHUPHDELOLW\P u 
&DWDO\VWOD\HUSRURVLW\ 
2SHQYROXPHIUDFWLRQIRUJDVGLIIXVLRQLQFDWDO\VWOD\HU 
3%,+32PHPEUDQHWKLFNQHVVP 
3%,+32PHPEUDQHFRQGXFWLYLW\6P 
*'/FRQGXFWLYLW\6P 
*'/EXONSRURVLW\ 
*'/SHUPHDELOLW\FRHIILFLHQWu P 
*'/WKLFNQHVVP 
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,Q(TXDWLRQ[MLVWKHPRODUIUDFWLRQRIHDFKJDVMSDUDPHWHUVȦLDQGȦMDUHWKHPDVVIUDFWLRQVRIJDVHVLDQGM
UHVSHFWLYHO\SDUDPHWHUȡ LV WKHRYHUDOOPDVVGHQVLW\RI WKHDLUPL[WXUHREWDLQHGIURPWKH LGHDOJDV ODZ'LM LV WKH
ELQDU\GLIIXVLRQFRHIILFLHQW0LVWKHWRWDOPRODUPDVVRIWKHPL[WXUHDQG0MLVWKHPROHFXODUZHLJKWRIJDVM
&RQVHUYDWLRQRI WKHHOHFWULFFKDUJH LVEDVHGRQ WZRFXUUHQWVDQ LRQLFFXUUHQW IRUPHGE\ WKHSURWRQV WUDYHOOLQJ
WKURXJK WKH PHPEUDQH DQG DQ HOHFWURQLF FXUUHQW IRUPHG E\ WKH HOHFWURQV SDVVLQJ WKURXJK WKH VROLG PDWUL[ RI
HOHFWURGHV7KHFXUUHQWFRQWLQXLW\HTXDWLRQVDUHREWDLQHGE\XVLQJ2KP¶VODZ>@
 
 
V V V
P P P
6
6
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
ZKHUHĭ LV WKHSKDVHSRWHQWLDOı LV WKHHIIHFWLYHHOHFWULFFRQGXFWLYLW\6P 6 LV WKHFXUUHQWVRXUFHWHUP$P
DQG VXEVFULSWV  V DQGP GHQRWHV WKH SURSHUWLHV RI WKH VROLG SKDVH DQGPHPEUDQH UHVSHFWLYHO\$W DQRGH FDWDO\VW
OD\HU6P MD DQG6V MD DW FDWKRGHFDWDO\VW OD\HU6P MF DQG6V MF+HUH MD DQG MFDUH WKH WUDQVIHUFXUUHQWGHQVLW\
FRUUHVSRQGLQJWRWKHHOHFWURFKHPLFDOUHDFWLRQDWWKHDQRGHDQGFDWKRGHFDWDO\VWOD\HUVUHVSHFWLYHO\
7UDQVIHUFXUUHQWGHQVLWLHVZHUHFDOFXODWHGE\XVLQJDVLPSOLILHG%XWOHU9ROPHUHTXDWLRQ>@
5HVXOWVDQGGLVFXVVLRQV
)LJ  VKRZHG WKH HIIHFW RI FKDQJLQJ WKH FDWKRGH JDV IORZYHORFLW\ DW YDOXHV XQGHU PV RQ WKH IXHO FHOO
SHUIRUPDQFH IRUDFDWKRGHFKDQQHO KDYLQJZLGWKRIPPDQGKHLJKWRIPP:KHQ WKHJDV IORZYHORFLW\ LV
LQFUHDVHGIURPWRPVWKHIXHOFHOOSHUIRUPDQFHLVFOHDUO\HQKDQFHGHVSHFLDOO\DWORZHURSHUDWLQJIXHOFHOO
YROWDJHV
7KHUDWHRIWKHHOHFWURFKHPLFDOUHDFWLRQLVLQFUHDVHGGXHWRWKHLQFUHDVHLQR[\JHQJDVWKURXJKWKHJDVGLIIXVLRQ
OD\HU WR UHDFWLRQVLWHV'XH WR WKH ORZPHPEUDQHKXPLGLILFDWLRQ WKLVHQKDQFLQJSHUIRUPDQFHHIIHFW LVPLQLPDODW
KLJK RSHUDWLQJ YROWDJHV 6R WKH DLU VWUHDP LV DEOH WR VXSSO\ R[\JHQZLWK WKH UHTXLUHG UDWH IRU JDV IORZ YHORFLW\
YDOXHVRYHUPVRQWKLVFHOOPRGHO


)LJ(IIHFWRIFDWKRGHJDVIORZYHORFLW\RQFHOOSHUIRUPDQFHDWEDVHFRQGLWLRQVIRUGLIIHUHQWFDWKRGHLQOHWIORZYHORFLWLHV
EHWZHHQDQGPV
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)LJGLVSOD\HGWKHHIIHFWRIFKDQQHOZLGWKYDULDWLRQDWDFRQVWDQWKHLJKWRIPPDQGWKHHIIHFWRIFKDQQHOKHLJKW
YDULDWLRQDWDFRQVWDQWZLGWKRIPPRQWKHFXUUHQWGHQVLW\IRUGLIIHUHQWJDVIORZYHORFLWLHV

 
)LJ(IIHFWRIFKDQQHOZLGWKDDQGFKDQQHOKHLJKWERQ3(0IXHOFHOOFXUUHQWGHQVLW\DWFHOOSRWHQWLDORI9IRUYDULRXV
FDWKRGHJDVIORZYHORFLWLHV
)LJ D LQGLFDWHG WKDW FXUUHQW GHQVLW\ DWWDLQHG D PD[LPXP YDOXH DW RQH VSHFLILF YDOXH RI JDV IORZ YHORFLW\
GLIIHUHQWIURPDYDOXHWRDQRWKHUYDOXHRIWKLVYHORFLW\)RUH[DPSOHDWPVFXUUHQWGHQVLW\ZDVPD[LPIRUD
FKDQQHOZLGWKRIPPDQGDWPVFXUUHQWGHQVLW\ZDVPD[LPIRUDFKDQQHOZLGWKRIPP
)LJE LOOXVWUDWHGD UDSLG LQFUHDVHRIFXUUHQWGHQVLW\ IURP WRPP IRUDOO FDWKRGHJDV IORZYHORFLWLHV
LQYHVWLJDWHG1RVLJQLILFDQWFKDQJHLQFXUUHQWGHQVLW\ZDVUHJLVWHUHGVWDUWLQJZLWKDYDOXHRIPPIRUWKHFKDQQHO
ZLGWKDWIORZYHORFLWLHVKLJKHUWKDQPVEHWZHHQWKHYDOXHVRIDQGPPIRUWKHFKDQQHOKHLJKWFXUUHQW
GHQVLW\YDULHVYHU\VORZO\ULVLQJZLWKDERXW±IURPWKHYDOXHUHJLVWHUHGDWPP
)URPQRZRQDOOWKHVLPXODWLRQVZHUHSHUIRUPHGDWDFHOOYROWDJHRI9DQGDWDFDWKRGHJDVIORZYHORFLW\RI
PV
)LJSUHVHQWHGWKHORFDOFXUUHQWGHQVLW\YDULDWLRQDW WKHFDWKRGHFDWDO\VW OD\HU±*'/FKDQQHOLQWHUIDFHDORQJ
WKHFHOOKHLJKWDWFKDQQHOZLGWKVRIDQGPPIRUGLIIHUHQWFKDQQHOGHSWKVDQGPP
,WFDQEHVHHQIURPWKLVILJXUHWKDWWKHFXUUHQWJHQHUDWLRQLVPRUHQRQXQLIRUPLQWKHFDVHRIPPGHSWKFKDQQHO
IRU DOO WKH JHRPHWULHV LQYHVWLJDWHG $W KLJKHU FKDQQHO GHSWKV PRUH DPRXQW RI DLU DQG KHQFH R[\JHQ HQWHU WKH
FDWKRGHFKDQQHO

  
)LJ/RFDOFXUUHQWGHQVLW\YDULDWLRQDORQJWKHFHOOKHLJKWDWDFHOOSRWHQWLDORI9DQGJDVIORZYHORFLW\RIPVIRUYDULRXVJDVFKDQQHO
JHRPHWULHVD[PP[PP[PPE[PP[PP[PPF[PP[PP[PP
)LJ  VKRZHG WKH GLVWULEXWLRQ RI R[\JHQPRODU FRQFHQWUDWLRQ LQ WKH FDWKRGH SDUW RI WKH FHOOPRGHO IRU WKUHH
FKDQQHO JHRPHWULHV [PP [PP DQG [PP7KH SRLQW RI LQWHUHVW LQ WKLV ILJXUH LV UHODWHG WR WKH
FRQFHQWUDWLRQGLVWULEXWLRQLQWKHFDWKRGHFDWDO\VWOD\HU±*'/FKDQQHOLQWHUIDFH
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,Q )LJD ZH KDYH VHHQ WKDW R[\JHQ PRODU FRQFHQWUDWLRQ LQ WKH JDV FKDQQHO DQG DW WKH FDWDO\VW OD\HU  *'/
FKDQQHOLQWHUIDFHLVQHDUO\HTXDOZKHUHDVLQILJEDQGILJFZHREVHUYHGWKDWWKHPRODUFRQFHQWUDWLRQDWWKH*'/
±JDVFKDQQHOLQWHUIDFHLVPXFKODUJHUWKDQLQWKHFDWDO\VWOD\HU7KHFHOOSHUIRUPDQFHLVOLPLWHGLQDOOWKLVFDVHVIRU
YDULRXVUHDVRQVLQWKHFDVHDFKDQQHOSUHVHQWHGDKLJKHUUHVLVWDQFHWREXR\DQF\IORZDQGLQWKHFDVHVEDQGF
SRURXVPHGLDRIIHUHGDVLJQLILFDQWGLIIXVLRQUHVLVWDQFH





)LJ'LVWULEXWLRQRIWKHR[\JHQPRODUFRQFHQWUDWLRQPROHPDORQJWKHFDWKRGHVLGHRIWKHFHOOIRUGLIIHUHQWJDVFKDQQHOVJHRPHWULHV
D[PPE[PPDQGF[PP
)LJSUHVHQWHGWKHYDULDWLRQRIZDWHUDQGR[\JHQPRODUFRQFHQWUDWLRQVDWFDWKRGHFDWDO\VWOD\HUDORQJWKHFHOO
GHSWKIRUWKUHHVHOHFWHGJDVFKDQQHOJHRPHWULHV[PP[PPDQG[PP
:DWHUYDSRULVJHQHUDWHGLQWKHFDWKRGHFDWDO\VWOD\HUGXHWRHOHFWURFKHPLFDOUHDFWLRQVDQGKHQFHWKHZDWHUYDSRU
PRODU FRQFHQWUDWLRQ VKRXOG LQFUHDVH DORQJ WKH FHOO GHSWK 7KH PRVW XQLIRUP GLVWULEXWLRQ RI R[\JHQ PRODU
FRQFHQWUDWLRQZDVUHJLVWHUHGIRU[PPFKDQQHOJHRPHWU\VHHILJD
:KHQWKHFKDQQHOZLGWKZDVDWWKHKLJKHVWYDOXHRIPPODUJHUDPRXQWRIDLUHQWHUHGWKHFHOODQGKHQFHDORW
OHVVDPRXQWRIGLOXWLRQWDNHQSODFHGXHWRZDWHUDGGLWLRQDVZHFRXOGVHHIURPILJE
D
E
F
LQOHW
LQOHW
LQOHW

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  
)LJ9DULDWLRQRIR[\JHQPRODUFRQFHQWUDWLRQDDQGZDWHUPRODUFRQFHQWUDWLRQEDORQJWKHFHOOKHLJKWIRUGLIIHUHQWJDVFKDQQHOJHRPHWULHV
&RQFOXVLRQV
,QWKLVSDSHUDVWHDG\VWDWH'FRPSXWDWLRQDOPRGHOZDVHVWDEOLVKHGWRVWXG\WKHSHUIRUPDQFHRIDVLQJOH+7
3(0IXHOFHOOXQGHUYDU\LQJJDVFKDQQHOSDUDPHWHUV
3UHVHUYLQJJDVFKDQQHOKHLJKWFRQVWDQWDQGYDU\LQJLWVZLGWKFXUUHQWGHQVLW\UHJLVWHUHGDPD[LPXPYDOXHDWRQH
VSHFLILFYDOXHRIZLGWKIRUHYHU\JDVIORZYHORFLW\XQGHUVWXG\PVPVPVPVDQGPV
,QVWHDGE\PDLQWDLQLQJZLGWKFRQVWDQWDQGPRGLI\LQJKHLJKWFXUUHQWGHQVLW\UHPDLQHGDOPRVWFRQVWDQWVWDUWLQJIURP
RQHVSHFLILFKHLJKWYDOXHDOVRGLIIHUHQWIRUHDFKRIWKHJDVIORZYHORFLW\
:LWKDJDVFKDQQHOKHLJKWRIPPWKHSHUIRUPDQFHRIWKHFHOOLVOLPLWHGE\WKHKLJKHUIORZUHVLVWDQFHRIIHUHGE\
WKHFKDQQHOZKHUHDVIRUFKDQQHOKHLJKWRIPPDQGPPWKHSHUIRUPDQFHLVOLPLWHGGXHWRDGLIIXVLRQUHVLVWDQFH
RIIHUHGE\WKHSRURXVPHGLD
/RFDOFXUUHQWGHQVLW\SUHVHQWHGWKHPRVWXQLIRUPYDULDWLRQDORQJWKHIXHOFHOOZLWK[PP[PPDQG
[PPJDVFKDQQHOJHRPHWULHVGXHWRPRUHDPRXQWRIR[\JHQHQWHULQJWKHFKDQQHO
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